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Abstract 
It has been proven that the introduction of the systems for continuous control of the power transformer technical state 
predetermines the need for improvement of the methods for calculation of the thermal modes, insulation wear and remaining 
service life of the equipment. Disadvantages of the existing methods recommended by domestic and foreign regulatory 
documents are noted. It is appeared to be practically to consider parameters of the environment, thermal mode retention and non-
linearity of the thermal characteristics. The structure of algorithm for calculating temperature charts according to the load parameters 
with regard to the influence of the above factors is proposed. The developed software is briefly specified, too. The ultimate purpose is 
to develop and study the improved model for thermal characteristic calculation designed for the systems of on-line monitoring 
transformer technical state. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of the International Conference on Industrial Engineering (ICIE-
2015). 
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1. Introduction 
It is famously urgent to create robust methodological procedures for calculation and forecast of the remaining 
transformer component lifetime. This is due to the issue of the necessary renewal of the great number of 
transformers due to their operating life. That is why it is practically important to substantiate objectively the priority 
and time sequence of this reorganization of the electric power industry. Furthermore, important diagnostic 
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characteristics in the on-line monitoring systems introduced at high-voltage power transformers are temperature 
values, remaining lifetime and servicing life of insulation [1]. In this regard, the issues of the accurate calculation of 
temperature of the hottest spot according to the transformer load parameters become more critical and essential.  
Regulatory documents define principal items of the methodology and algorithms for calculation of the 
transformer's thermal modes [2]. However, the proposed algorithms have essential disadvantages reducing 
calculation accuracy. So, the thermal model of the cooling system suggested in GOST 14209-97 does not consider 
the following physical features being specific for unsteady thermal modes: 
– temperature of the transformer components changes during unsteady processes according to the non-linear 
dependencies; 
– winding temperature has its own heat retention and changes due to the non-linear dependency; 
– temperature of the cooling medium influences the thermal mode of the power transformer with due regard to the 
time constant of its heating. 
[3] shows that during monitoring transformer parameters at the temperature determination Th it is reasonable to 
take into account a time lag of the thermal processes in the winding and winding-oil section at presence of step 
changes of great amplitude in the load current trending. The above suggests elaborating existing methods and 
improving analysis algorithms aimed to the elimination of these disadvantages. 
2. Main Part 
At operation of the oil-filled power transformers one face the problem which is connected with temperatureTh of 
the hottest spot of the winding insulation; it has an adverse effect on the insulation condition and may result in its 
fatal failure. That is why the temperature Th should be continuously monitored at the transformer operation. Direct 
measurement of this temperature has not become a frequent practice; consequently, it is determined due to the 
temperature rise in the upper oil layers.  
To calculate temperature Th it is proposed to apply the heat equation of the winding sections neighboring to the 
hottest spot of insulation. Initial data for calculating Th are: current of the winding, temperature of the transformer oil 
upper layers and type of cooling (natural or forced one). In the mode of the stationary load of the transformer the 
formulas substantiated in [2] are used: For natural cooling (ON): 
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where Tɚ  – temperature of the cooling medium; 'Tbr – oil temperature rise in the bottom winding part; 'Timr – 
average oil temperature rise; K – load ratio; Hqr – heat gradient of the hottest spot; R – loss rate; x – oil exponent; y – 
winding exponent. 
2.1. Temperature Calculation in the Unsteady Thermal Mode 
From formulas (1) and (2) it follows that the change of the transformer load results in changing the difference 
between temperatures of the hottest spot and upper oil layers. These dependencies do not reflect transient processes 
occurring at the change of this temperature but they may be obtained with the model as per [3].  
During monitoring transformer parameters at the temperature determination it is reasonable to take into account a 
time lag of thermal processes in the winding and winding-oil section at presence of step changes of great amplitude 
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in the load current trending. Any alteration of the load modes should be considered as a step function. The 
rectangular load chart applied at the analysis of the thermal modes consists of one upward step and, after a while, the 
next descending step. For the steadily changing load the step function is applied to the lower time spans. Oil 
temperature rise (e.g. in the bottom part) at the end of time span t is determined with the formula 
)e)(( /tbibubibt 01
WT'T'T'T'    (3) 
where 'Tbi – initial oil temperature rise in the bottom part; 'Tbu – long-term oil temperature rise in the bottom part at 
the load applied at this time span; W0 – oil time constant. 
Any load alteration leads to change of the winding and oil temperature difference which attains a new value with 
the characteristic time constant of the winding. According to the recommendations of GOST 14109-97, this constant 
is not used at the calculations. The value of the load ratio Ky in expressions (1) and (2) is assumed to attain a new 
value immediately. 
Relative insulation wear (or relative life reduction) caused by transformer loading for a definite time period is 
characterized with the following expressions: 
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where: L – wear ratio for the period; n – order number of the time period; N – number of intervals in the period; 
Vj  - wear ratio for the n-th interval.   
2.2. Description of the Developed Algorithm 
In the algorithm of the developed software program the following corrections of the thermal model of power 
transformers are introduced: 
– in the iterative methods of the thermal mode calculation the rate of change of winding ohm resistances 
depending on the calculated temperature value is considered; 
– at the thermal mode calculation with due regard to the heating time constant the ambient temperature is 
considered; 
– load is calculated for each load mode of the transformer. 
The structure of the developed algorithm for calculation of thermal modes is shown in Fig. 1. Load ratios at the 
set chart and with regard to the changes of the ambient medium temperature, set temperature limit of the hottest spot 
and wear are calculated with iterative methods [2].  
The maximum temperature value of the hottest spot and the relative wear ratio are calculated for the set load 
chart. If the maximum temperature value is not exceeded and the wear ratio is less then assumed limit value, the 
calculation is repeated at the increased value of factor F applied to each particular load K1 K2,..., Kn at constant time 
intervals t1, t2..., tn. The factor F is increased stepwise with increment of 1% for each iteration process till one of the 
limits is reached. If at the initial calculation the relative wear ratio is higher than the assumed value the calculation is 
repeated using value F decreased to 2%. 
Load factor increase and temperature limit tolerances may be selected differently, depending on the transformer 
type and load parameters. Account must be taken of the fact that at the hottest spot temperature range between 100 
and 140°ɋ, after the load ratio having been increased by 2%, the maximum temperature of the hottest spot will rise 
by more than 2°ɋ, while the relative wear ratio will be increased by about 25%. 
The programming and computed suite "Calculation of the Transformer Wear'" based on Delphi XP framework has 
been developed with the use of TChart graphical component. [4]. Checking in respect of permissible heating and wear of 
insulation forms the basis of the software application. The application is designed for modelling thermal processes in the 
power transformers in order to solve the following tasks: running control of the permissible loads; calculation of the 
allowable regular and hazardous overloads; determination of the load capacity resulting from the alteration of the 
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operation conditions or design parameters of the power supply components; modernization of the power-supply systems. 
All calculations are carried out relying on procedures set by IEC 354-91, GOST 14109-97. 
 
 
Fig. 1. Structural chart of the temperature calculation algorithm. 
The main initial data are the transformer load chart and additional parameters used at the computing. For each load 
chart the software program calculates: 
– temperature in the upper layers in °ɋ; 
– temperature of the hottest spot in °ɋ; 
– relative wear in relative units. 
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2.3. Example of the Program Application 
Fig. 2 shows timing diagrams of changing active power P and reactive power Q of TDMS 63000/100000/110U1 
transformer. The graphs are plotted for typical winter 24 hours under conditions of transformer operation at one of 
the operating transforming substations.  
 
 
Fig. 2. Graph of transformer load change within 24 hours. 
According to the methodology considered in [2], the dependency approximation by a polygonal line has been 
performed. Fig. 3 shows the step graph of the duty load change plotted due to the approximating curve. Here, eight 
levels with constant loads are emphasized one of which corresponds to zero load. Values of load and running time at 
each step are entered into the software application. 
Fig. 3, b shows graphs of dependence of the hottest spot of transformer windings at the change of its load as per 
Fig. 3, a. Curves calculated by means of the developed program are displayed as solid lines while those plotted 
according to the algorithm as per GOST 14209-97 are displayed with dashed lines. Temperature values exceeding 
the oil upper layer temperature are being changed practically synchronously with the change of the transformer load 
current. At moments of loading jerks, the calculation of temperature Th due to the proposed model gives the most 
accurate values as compared to the known methods. 
The results obtained correspond to the results published by foreign authors [5, 6] wherefore they may be 
recognized to be satisfactory. 
3. Conclusion 
The program developed provides the following options: 
– computing and forecasting maximum temperatures with due regard to the ambient temperature changes as well 
as transformer load change in winter and summer time; 
– considering thermal characteristics of transformers of various power with different cooling systems; 
– visualizing the temperature of the hottest spot and oil in the upper layers as well as transformer wear behavior; 
– calculating relative annual insulation wear based on the transformer's hottest spot temperature change within 24 
hours and one year; 
– providing controlling personnel with current information. 
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Fig. 3. Graph of transformer load change within 24 hours. 
The developed algorithm enables computing thermal modes of the transformer as well as analyzing thermal state 
in the on-line monitoring mode. For this purpose it is integrated into software algorithms of the monitoring systems 
being introduced at the transformers [7, 8]. It provides increased efficiency of the technical state control [9,10]. 
Software of the transformer monitoring system should also include thermal models. This is a prerequisite for 
provision of the most accurate account of the transformer operational state enabling early fault detection. It is 
reasonable to develop systems which identify faults by means of comparing measuring results with the values 
"predicted" with models [11-13]. This is a way to specify transformer loads bearing in mind environmental 
conditions and to reduce electric power losses due to the load optimization. 
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